Abstract-With the extreme ultraviolet (EUV) lithography, the performance limit of chemically amplified resists has recently been extended to 16-and 11-nm nodes. However, the line edge roughness (LER) and the line width roughness (LWR) are not reduced automatically with this performance extension. In this paper, to investigate the impacts of the EUVL mask and the EUVL exposure process on LER, EUVL is modeled using multilayer-thin-film theory for the mask structure and the Monte Carlo (MC) method for the exposure process. Simulation results demonstrate how LERs of the mask transfer to the resist and the exposure process develops the resist LERs.
I. INTRODUCTION
The extreme ultraviolet lithography (EUVL) with the 13.5-nm wavelength is expected to become mainstream for the semiconductor device production process for 16-nm half pitch and below. The international technology roadmap for semiconductors (ITRS) requires less than 3-nm line edge roughness (LER) for the 30-nm pattern size. However, the surface roughness of sidewalls and sizes of patterned resists, called LER, do not reduce automatically with respect to the resolution, so LER can become the most important issue [1] . EUVL has many characteristics in common with conventional optical lithography, but a multilayer reflective mirror has to be used in EUVL, instead of a refractive lens, due to the high absorption in the material. EUVL masks require high reflectivity from the mask and are fabricated by depositing reflective Mo/Si multilayer films onto superpolished substrates. Mask LER, which can easily be produced on the multilayer EUVL mask, can alter the reflected near-field image and the aerial image on the resist [2, 3] . During the resist process, many materials of resists and process factors affect LER because LER is formed from a chemical inhomogeneity at the boundary between the soluble and insoluble regions [4, 5] . Modeling of the EUVL can help us to understand the phenomena of EUVL, to overcome the drawbacks such as buried defects in EUV masks and shadowing effects due to reflectivity of the mask and oblique illumination, and to optimize mask structure and process parameters. Ultimately, the simulator tool can help to develop new mask materials and new resists. For these purposes, the LER modeling of EUVL has been actively researched for half a decade. However, this research has been developed with unclear and restricted modeling results.
In this paper, a new attempt to simulate EUVL mask is introduced to describe the transfer of mask LER onto a wafer, using multilayer-thin-film theory. To reduce LER, the near-field image of EUVL mask and the internal concentrations of resist processes are analyzed. The LER formations of the Monte Carlo (MC) simulation in a 193-nm resist are compared with those of an EUV. The limit of LER at high exposure dose was theoretically investigated on the basis of EUV sensitization mechanisms.
II. LINE EDGE ROUGHNESS OF MASK
For the modeling of EUV processes, as shown in Fig.  1 , the schematic representation of EUV light source, reflective mask, condenser optics, and reflective projection optics can be modeled into the structures of the mask simulation (angle of incidence, electric field calculation, absorber shape, and multilayer) and projection illumination (numerical aperture (NA), σ, dose, defocus, and aberrations) [6, 7] . Resist processes are modeled in stages of prebake (Dill parameters (A and B), time, and temperature), exposure (Dill parameters (A, B, and C) and dose), post-exposure bake (diffusion coefficient, time, and temperature), and development (rate function time and surface inhibitor) [8, 9] .
For the mask simulation, mask materials are composed with a complex index of refraction N j (= n -ik, where n is the real refractive index and k is the imaginary refractive index), which depends on the mask properties and the relative inhibitor concentration (M) of the layer.
The intensity of layer j at t = 0 using Dill's model is  ,
( )
where d is the thickness of the resist, M k-1 is the value of M at the end of the k-l-th energy exposure increment, δM is the change in M that the k-th energy increment δE k produces, and I rel refers to the relative intensity. The absorption energy for each layer using Eq. (2) is Fig. 1 . Schematic structure flow of EUV processes: schematic representation of EUV light source, reflective mask, condenser optics, and reflective projection optics in a rectangle box and the modeled structures of mask simulation, projection illumination, prebake, exposure, post exposure bake (PEB), and development. From Berning's theory for thin film optics, the reflectance and the transmittance are 
, and n 0 is the real refractive index in the medium above the resist. The ratio of the power absorbed in the j-th layer to the power absorbed in the j-1-th layer is given using
The power absorbed in the j-th layer, by Eq. (1), is ( )
The relative inhibitor concentration M of Eq. (2) by Eq. (6) can be rewritten as
where the intensity I is For the optical projection system, the Kohler's method is implemented to forms an image of mask reflectance onto the projection lens. The intensity on wafer can be
;
where ρ P (= (f, g)) is a normalized spatial frequency ,
The Fourier transfer function of the mask reflection function with reflectance at each of mask points is
where R is reflectance function. The Fourier transfer function of the transfer function of projection lens is
0 ,
where the wavefront aberration of imaging illumination
The basic structure of a EUVL mask is shown in Fig.  2(a) . The mask consists of Cr absorber and Mo/Si multilayers on a base substrate. The simulation range is 100-nm (x-axis) × 100-nm (z-axis). Table 1 summarizes the properties of the mask stacks and illumination conditions. The angle incidence of illumination is 0° in order to ignore the shadow effect of the illumination angle. The near-fields reflected from the mask and the aerial images are calculated based on the changing of the mask edge slope. For the mask shown in Fig. 2(a) , the mask edge slope is the low frequency pattern and the saw-like shape of the mask edge slope is the high frequency pattern. In the near-field image of the EUVL mask shown in Fig.  2(b) , although the saw-like shape has disappeared, the mask edge slope and its saw-like shape are changed into the slope of the near-field image and the peaked field image, respectively. In the aerial image of the EUVL mask shown in Fig. 2(c) , the slope of the near-field image and its peaked field image are transferred into the slope of the aerial image. For the mask LER, the low frequency mask roughness is expected to be fully transmitted onto the wafer, but the high frequency mask roughness is not transmitted onto the wafer. Fig. 3 shows simulation flow of EUV resist processes, which include spin-coating, prebake, projection, exposure, and development. Fig. 4 shows the simulation results of spin-coating, projection, exposure, PEB, and development for a 31-nm isolated line pattern with 85.52° sidewall angle in a 193-nm resist. Simulation parameters are described in Table 2 . LER is inversely proportional to the concentration gradient of the molecules that determine the solubility of the resist (chemical gradient) [13, 14] . Since the LER of resist processes is determined by various chemical components during resist processes, LER equations can be assumed that [ ] where
III. LINE EDGE ROUGHNESS OF RESIST PROCESS
, and σ [Side Angle] are LERs of the photoacid generator (PAG), acid, the cross-linked polymer concentration (M), the develop rate concentration (R), and the side angle of the development profile, respectively. Fig. 5 shows the resist LERs of PAG in Fig. 4(c1) , M in Fig. 4(d) , R in Fig. 4(e1) , and sidewall angle in Fig.  4 (e2) due to exposure doses. Since the chemical gradient increases with the increase of exposure dose, as shown in Fig. 5 , LER is inversely decreased. Although comparison of the experimental results with the simulation results is required, the LER slopes of R and the side angle are more sensitive to exposure than are the slopes of PAG and M. With the trade-off relationship between LER and sensitivity, LER decreases when sensitivity decreases. However, the decrease of LER is saturated at high exposure dose, and so LER does not converge of 0, shown in Fig. 5 . During pattern generation, stochastic effects play a non-negligible role in resist edge placement randomness. One of the stochastic methods is the MC method.
For the confidence of the MC simulation about LER, Fig. 6 shows application of the MC method. The MC method can be successfully used for the deposition of materials from an electrolytic solution at very low voltage, as shown in Fig. 6(a) . An illustration of a porous material through which certain particles can diffuse (or percolate) if there are continuous paths through the pores is shown in Fig. 6(b) , and a random walk with continuous step sizes and directions, or one on a lattice, is shown in Fig. 6(c) [15, 16] . mechanism of 193-nm photoresists in Fig. 7(a) , PAG interacted with a photon generates an acid. For spincoating process, PAGs are populated in the simulation domain according to the random Poisson statistics. For exposure process, PAG is exposed according to random Poisson statistics and Dill's first-order exposure rate Eq. [16] . Unlike the direct photon absorption mechanism of 193-nm photoresists, the absorption of a photon in an EUV resist leads to ionization, generating an electron (called a photoelectron), which in turn can generate several secondary electrons in terms of excess energy.
The mean free path of photoelectrons is less than the diffusion length of acid in 193-nm resists. These electrons then scatter through the resist and, occasionally, interact with a PAG to generate an acid [17] [18] [19] . Fig. 8 shows the simulation results for the LER effect of PAG loading and the exposure dose in a 45-nm isolated pattern of a 193-nm resist and in 16-nm and 22-nm isolated patterns of an EUV resist. Simulation parameters are described in Table 3 . For the EUV simulation, as shown in Fig. 8(b) , the first step is that a light changes into a number of photons in the resist. The second step is that the photons are converted to electrons with the electron generation efficiency, and the kinetic energy of each electron is the reduction of ionization potential with the photon energy. The third step is that electrons move and interact with components of the resist until they lose energy. In an inelastic collision, the resist is ionized and a secondary electron is ejected. The fourth step is that when electron is within the reaction radius of PAG and the electron energy is greater than the PAG excitation energy, an acid is generated. When the PAG loading and the exposure dose increase, LER is reduced and saturated in Figs. 8(a) and (b) .
IV. CONCLUSIONS
For the transfer of the line-edge-roughness (LER) of the extreme ultraviolet lithography (EUVL) mask, the near-field image on the EUVL mask and the aerial image on the wafer are calculated by using multilayer-thin-film theory. Simulation results show that the low frequency mask roughness is fully transmitted onto the wafer, but high frequency mask roughness is not present on the wafer. For the chemical gradient method of a chemically amplified 193-nm resist, the LER slopes of the development rate concentration and side angle are more sensitive to the exposure dose than are those of a photoacid generator and the cross-linked polymer concentration. The LER decrease is saturated at high exposure dose, and LER does not converge of 0. For the Monte Carlo method of 193-nm and EUV resists, according to the increase of the PAG loading and exposure dose, LER is reduced and saturated. For reduction of resist LER, the resist absorption of EUV light should be increased, but the spatial distribution fluctuations of PAG should be reduced. Fig. 6(a) and a 50-nm × 50-nm domain in Fig. 6(b) where blue dot is PAG and white dot is acid. 
